Precipitation efficiency (PE) is a crucial physical quantity in convective processes, describing the efficiency of rainfall generation from cloud detrainment. Although the importance of PE in extreme precipitation events is widely accepted, the evolution of PE in the warming climate and the associated moisture processes in East Asia are still not well understood. To address these issues, the interdecadal variability of PE in East Asia during summer in 1979-2016 is investigated in this study. Two major modes of summertime precipitation efficiency are identified using Empirical Orthogonal Function (EOF) analysis. e leading EOF mode (EOF1) has a dipole pattern that reveals the variations of mean precipitation efficiency. e second EOF mode (EOF2) presents a quadrupole pattern that shows changes in the variability of precipitation efficiency. Both EOF modes exhibit significant interdecadal variability (IDV). e IDV of EOF1 is closely associated with the phase change of the Pacific decadal oscillation (PDO). e Pacific sea surface temperature anomalies associated with the PDO can excite wind anomalies that significantly modulate moisture transport and further alter the mean precipitation efficiency in East Asia. e IDV of EOF2 can be attributed to the interdecadal change of occurrence frequency of Eastern Pacific El Niño-Southern Oscillation (ENSO) events, which affect water vapor transport by inducing an East Asia-Pacific teleconnection-like wave train anomaly pattern. e IDV patterns of precipitation efficiency for both the mean value and variability will improve the ability to predict precipitation in East Asia.
Introduction
Precipitation efficiency (PE) is an important physical quantity of a convective system that characterizes the efficiency of rainfall generation via water vapor from cloud detrainment. Generally speaking, PE is the ratio of precipitation rate to the condensation of water vapor in the convection process. It incorporates the influence of the detrained water from the convective-scale background on rainfall variations and thus depicts a broader picture of precipitation processes than merely precipitation rate. e PE is also used in operational rainfall forecasting to determine the intensity and spatial coverage of precipitation events [1, 2] . e investigation of PE can help determine the impact of dynamical and microphysical processes that cause precipitation changes. Early research on PE can be traced back more than half a century [3] . Since then, many studies have explored the spatiotemporal evolution of PE and its impact on weather and climate systems [4] [5] [6] [7] . Recently, PE has gained popularity in modeling studies and operational forecasts due to its crucial impact on convective closure, rainfall conversion rate, and convective cloud-climate feedback [8] [9] [10] . Previous studies also suggest that climate sensitivity is closely associated with PE in global warming simulations [11] [12] [13] [14] . e PE-related uncertainties in future projections of the hydrological cycle also affect aerosol concentrations and optical properties [15, 16] . e PE variability is closely associated with rainfall variation and the thermodynamic and radiative properties of the atmosphere at weather and climate scales [17] [18] [19] [20] [21] . e moisture source from heat divergence in the thermally related rainfall budget contributes more to precipitation than the source from water vapor convergence in the water vaporrelated rainfall budget. e PE associated with thermal processes is less than that derived from water vapor processes, and PE during the development phase of rainfall is higher than that in the decay phase [22] . Previous studies suggest that ice clouds have a significant impact on the organization of tropical convection that affects PE in terms of both microphysical processes and radiative effects [23] [24] [25] . e microphysical processes of ice clouds alter the hydrometeor concentration and the atmospheric moistening, while the radiative effects modulate the radiative cooling that affects condensation and the associated latent heat release.
Owing to its direct association with precipitation, PE is a crucial factor in convective systems and influences the proportion of detrained cloud water, cloud cover, cloud radiative forcing, latent heating, and the large-scale atmospheric circulation [25] [26] [27] . Many studies have estimated PE as the precipitation amount divided by the mass of associated moisture sources, but the definition may vary with the specific context of water budget estimation. For example, PE can be defined as the ratio of precipitation rate to the sum of the surface evaporation and water vapor convergence from the perspective of large-scale water vapor budgets [28] [29] [30] . It can also be defined as the ratio of precipitation rate to the vertical integral of condensation and deposition rates derived from the cloud microphysical budget [9, 31, 32] . e PE also serves as a crucial factor in the parameterization of cumulus convection [33] [34] [35] [36] .
Variations of atmospheric circulation have a significant impact on the water vapor sources of precipitation by altering the moisture transport pathway, convective intensity, and water vapor condensation and deposition in cumulus clouds [23, 24, 37, 38] . e southwesterly winds along the northwest flank of the western Pacific subtropical high (WPSH) have similar effects on rainfall variations in China during both spring and summer [25] . Zhu et al. [27] found a significant decadal change of spring precipitation over southern China that is out of phase with summer precipitation. As a major monsoon system, the East Asian monsoon is an important modulator of the East Asian climate, which shapes the seasonal march of major rain belts and the Meiyu-Baiu rains with its significant variability from intraseasonal to interdecadal scales [26] . It also affects the ENSO-related teleconnections that extend the influence to the global scale [39] . As PE is the reciprocal of atmospheric water residence time, its variability is closely associated with the activity of the East Asia summer monsoon (EASM) [19, 21] . Wei et al. [29] suggested that different age patterns of tagged precipitation in Southeast China reflect the varying impact of the EASM through prevailing wind directions and wind speeds.
Sea surface temperature anomalies (SSTAs) in the Pacific and Indian Ocean have a large impact on the variability of precipitation and PE [28, 30, 40] . Lau and Wu [9] suggested that PE in light warm rain increases with increasing SST, but for heavy rain with deep convection, there is no dependence on SST warming. Bosilovich et al. [31] pointed out that the residence time of moisture increases together with total precipitable water, which implies a decreasing trend of global water cycling rate. With increasing water vapor in the lower troposphere, the intensity of moist convection lessens and mass exchange between the boundary layer and the middle troposphere decreases to balance the global hydrological cycle [32, 33] . Xu et al. [36] suggested that the interdecadal change in the intensity of spring rainfall variations over southern China can be attributed to the reduced amplitude of SSTAs in the West Pacific after 1996.
Summer precipitation anomalies in East Asia can lead to flood and drought disasters that impact nearly one-third of the world's population and cause great economic damage [35, 36, 41, 42] . Although the importance of PE for the precipitation variability is widely known, previous studies have paid little attention to the spatiotemporal evolution of PE in East Asia and its relation to atmospheric dynamic and thermodynamic processes. In addition, the asymmetric impact of global warming increases the complexity of PE evolution by intensifying the EASM, which leads to further uncertainties in the future projection of precipitation [19, 20, 43] . To advance our understanding of global warming impacts on East Asian climate change, it is necessary to study the interdecadal evolution of PE as well as its drivers in the climate system.
is study focuses on the interdecadal variability (IDV) of summer PE in East Asia, its impact on precipitation patterns, and the underlying mechanisms. e remainder of this paper is organized as follows. In Section 2, the reanalysis data and methodology are introduced. In Section 3, the climatology and the IDV characteristics of PE in East Asia are analyzed. In Section 4, the primary cause of mean precipitation IDV is analyzed via analysis of the SST and the associated atmospheric response. An analysis of the causes of precipitation IDV is presented in Section 5. Finally, a summary and discussion are given in Section 6.
Data and Methods

Data.
e ERA-Interim monthly reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF), including surface pressure, specific humidity, geopotential height, and atmospheric winds, are used at 0.5°horizontal resolution and 37 pressure levels [44, 45] . Two versions of monthly mean precipitation data are used in this study: one from the Global Precipitation Climatology Project (GPCP) version 2 with a horizontal resolution of 2.5°a nd the other from the Global Precipitation Climatology Center (GPCC) version 8 with a horizontal resolution of 0.5°. In addition, we use monthly SST data from the Extended Reconstruction SSTs (ERSSTs) version 5 of the National Oceanic and Atmospheric Administration (NOAA) with 2°horizontal resolution [46] . e ERSST data have been widely used in a number of climate studies related to the interdecadal SST variabilities [47] [48] [49] [50] [51] , which is suitable for our present study on interdecadal timescale and large spatial coverage. All datasets used in this study cover the period 1979-2016.
Methods
Precipitation Efficiency.
Following Huang et al. [52] , the precipitation efficiency (PE) is defined as the 2
Advances in Meteorology precipitation amount (P) divided by the total amount of precipitable water (Q) in the atmosphere:
It is the reciprocal of the atmospheric water residence time defined by Ent and Tuinenburg [18] . is PE formula resembles other definitions of large-scale precipitation efficiency (LSPE) in previous studies [53, 54] . Since Student's t-test is one of the most popular test methods for studies of interdecadal variations and long-term trends of the climate system [55] [56] [57] [58] [59] , we use this test method to establish the significance of PE and related physical fields.
Niño Indices. Two Niño indices developed by Ren and
Jin [60] are adopted to differentiate the warm-pool (WP) and cold-tongue (CT) types of ENSO events. e two Niño indices are defined as follows:
where I EPI denotes the eastern-type (CT type) index and I CPI is the central-type (WP type) index. N 3 and N 4 represent the Niño3 and Niño4 indices, respectively. N 3 indices are obtained by averaging the monthly SST anomalies over 150°W-90°W, 5°S-5°N, where anomalies are defined relative to the climatology of the research period. N 4 indices are calculated in the same manner with SST anomalies averaged across 160°E-150°W, 5°S-5°N. I EPI is calculated with the ERSST monthly data to quantitatively determine the occurrence rate of EP-type ENSO events, which facilitates investigation of the impact of eastern-type ENSO events on the IDV of summer PE. e eastern-type El Niño (La Niña) is defined under the condition that I EPI is greater (less) than 0.5°C (− 0.5°C) for 6 consecutive months.
EOF Analysis.
Lorenz [61] proposed the Empirical Orthogonal Function (EOF) method for representing pressure and temperature fields in statistical weather prediction. It is also known as principal component analysis (PCA) in statistics. EOF analysis is often used to investigate the spatial patterns and temporal variabilities of meteorological fields [62, 63] . is analysis method computes the eigenvalues and eigenvectors of a spatially weighted anomaly covariance matrix of a physical field and yields the EOFs that are mathematically orthogonal (independent) modes. e explained variance for each mode is the ratio between the variance of that principal component and the total variance. e significance test for the uniqueness of each EOF mode is carried out based on the "Rule of umb" criterion of North et al. [64] . If the sampling error of eigenvalue λ is larger than or comparable to the spacing to the neighboring eigenvalue, then the corresponding EOF mode is not separable from others. e detailed mathematical derivation and discussion of this analysis method are well documented in statistics and mathematics textbooks [62, 63] . e F-test is employed to examine the significance of interdecadal variability in the time series of each EOF mode, in which the ratio of two variances is compared with the 95% threshold.
Climatology and Interdecadal Variability of Precipitation Efficiency
3.1. PE Climatology. e summer mean total precipitable water, precipitation amount, and PE in East Asia are presented in Figure 1 . Total precipitable water and precipitation exhibit similar spatial patterns, with high values in Southeast Asia. However, the local PE is generally smaller there than in central China and the Korean Peninsula.
e maximum values of PE are scattered around the periphery of the East Asian domain, including Southwest Japan, the Korean Peninsula, the eastern part of the Russian Far East, and western China. Minimum PE values are located around the central and western parts of the Mongolian Plateau. e total precipitable water in Southeast Asia exceeds 42.5 mm/d, denoting sufficient moisture supply with intensive convective activity, which leads to large amounts of rainfall of over 4 mm/d. In most parts of East Asia, PE is less than 15%. As the precipitation gradually decreases northward, PE falls to 5%-15% in northern China and further reduces to the minimum value (<5%) in central Mongolia, where the total precipitable water is also at its lowest level, 12.5-20.0 mm/d. e range of fluctuation of total precipitable water, precipitation, and PE may be quantified in terms of the standard deviation ( Figures 1(d) -1(f )). ere are obvious differences between the patterns of fluctuation for total precipitable water and precipitation in Southeast China. e spatial distribution of the PE standard deviation shows large variability in the western Sichuan basin, southeast coast of China, southwestern Japan, Korean Peninsula, northeastern China, and the eastern part of the Russian Far East. e PE variabilities in the southern and western Mongolian plateau are the smallest in the research domain. We calculated the pattern correlations for the variations of total precipitable water, precipitation, and PE to quantitatively compare their similarities. e pattern correlation is the Pearson productmoment coefficient of linear correlation between the two fields shown in Figures 1(d) -1(f ). e pattern correlation between PE and precipitation is 0.788, much higher than that between PE and total precipitable water (− 0.373), suggesting that the precipitation variability has a major influence on PE variability in summer.
Interdecadal Variability of PE.
To determine the dominant patterns of PE IDV, we applied the Empirical Orthogonal Function (EOF) analysis to the summer (June-August) average PE in East Asia. e explained variances of the first two EOFs are well above those of the other EOFs Advances in Meteorology 3 (15.36% for EOF1, 10.00% for EOF2, 6.32% for EOF3, and 5.41% for EOF4). In addition, the EOF1 and EOF2 are well separated from each other based on the North significance test, which uses the "Rule of umb" criterion to determine the uniqueness of each EOF mode [52] . erefore, the analysis of PE IDV focuses on the two leading EOFs.
EOF1.
e EOF1 presents a dipole pattern with a positive center around the region where China, Mongolia, and Russia meet and a negative center in Southeast China (Figure 2(b) ). e separatrix of the dipole pattern is located around 35°N, which implies inverse variations of PE in the northern and southern parts of East Asia.
ere is a remarkable rising trend in the first principal component (PC1) on an interdecadal scale, in which the time series is generally negative (positive) during 1983-1998 (1999-2011) . is IDV can be seen clearly from the changes in mean value between the two periods ( Figure 2(a) ). e mean value of PC1 during the first (second) period is − 0.616 (0.772). e difference between the two periods is statistically significant at the 99% level (Student's t-test). is suggests that the mean value of PC1 exhibits remarkable IDV, with EOF1 varying from the negative-positive dipole pattern during 1983-1998 to the positive-negative dipole pattern during 1999-2011.
We further examine the significance of the IDV of PC1 variability by dividing PC1 into two sections using a number of separation points. Since one period of IDV is usually longer than 11 years, the separatrix of two periods should lie between the first 12 years and the last 12 years. us, we partitioned the PC1 time series by sliding the change point from 1990 to 2005.
is gives a total of 16 partitions as follows: 1979-1990 and 1991-2016, 1979-1991 and 1992-2016, . . . , 1979-2004 and 2005-2016, and 1979-2005 and 2006-2016. e IDV of PC1 variability is determined by analysis of variance (ANOVA) that compares the ratio of two variances (F-statistic) for each partition set with the 95% threshold. It turns out that none of the partitions passes the significance test (Figure 2(c) ), suggesting that the IDV of PC1 variability is insignificant during 1979-2016. e EOF2 exhibits a quadrupole structure with a meridionally negative-positive-negative-positive distribution from south to north with separatrices around 25°N, 35°N, and 43°N (Figure 3(b) ). is implies that PE variations in China's Jianghuai River Basin and Northeast China are the opposite of those in southeastern and northern China. When PE increases around the positive poles, PE around the negative poles will decrease, and vice versa. ere is a transition in the second principal component (PC2) around 1997-1998, with a positive mean value of 0.07 during the period 1979-1997 and a negative mean value of − 0.07 during 1998-2016 (Figure 3(a) ). However, the mean value of the difference between the two periods is not statistically significant at the 90% confidence level (figure omitted).
is implies that the IDV of PC2 mean value is insignificant.
To further examine the significance of interdecadal signals in PC2 variability, PC2 is divided into 16 groups of partitions in the same way as for PC1. e IDV of PC2 variability is examined using the F-test throughout the research time period. e F-statistic values exceed the 95% threshold in 1994, 1995, and 1999, with the maximum value in 1999 (Figure 3(c) ). e results indicate that the variability of PC2 IDV has changed in 1999, with larger (smaller) variability during the period 1979-1999 (1999-2016) . Changes in the quadruple pattern affect the spatial distribution of precipitation efficiency in East Asia. When it diminishes in the second period, the related PE variations around the anomaly centers also decrease. us, the IDV of PC2 variability reveals stronger (weaker) PE variations around the four anomaly centers during 1979-1999 (2000-2016) . [53] [54] [55] [56] and the interdecadal variations of precipitation over South China [40] . erefore, we investigate the differences in SST fields between the two periods of PC1 as the first step to reveal the physical mechanisms behind the IDV of mean PE. e SST differences between 1999-2011 and 1983-1998 from the last autumn to summer are presented in Figure 4 . Judging from the SST differences between the two periods, it is clear that the global ocean has undergone significant changes above the 95% confidence level in mean SST. e SST anomalies in winter resemble the PDO pattern during the cool phase [65] . ere are significant positive anomalies over the equatorial West Pacific, Northwest Pacific, Southeast Pacific, North Atlantic, and North Indian Ocean, accompanied by remarkable negative anomalies over the eastern Pacific. In summer, the SST anomalies are still warmer in the equatorial West Pacific, Northwest Pacific, Southeast Pacific, North Atlantic, and North Indian Ocean, whereas they are still cooler in the equatorial East Pacific. e SST differences between 1999-2011 and 1983-1998 resemble the PDO pattern during the cool phase. Besides, the observed PDO regime shift is also apparent around 1999 [66] [67] [68] , from the previous warm phase to the next cold phase. Since the SST differences between the two periods of PC1 IDV coincide well with the observed PDO regime shift, the PC1 IDV may be closely related to the PDO. 1983-1998 (1999-2011) . Although the difference between the two periods fails the significance test, it is clear that the PDO generally remains in a positive phase during 1983-1998 but moves to a negative phase during 1999-2011. e average PDOIs in spring between the two periods are significantly different at the 95% confidence level, with mean values of 3.0113 during 1983-1998 and 0.0608 during 1999-2011. e PDOIs exhibit larger differences in summer, with a mean value of 2.8088 (− 0.9285) during 1983-1998 (1999-2011) , which pass the 99% significance test. Results indicate that the PDO has undergone a significant regime shift between the two periods of PC1 IDV, which supports the inference that the PC1 IDV is closely related to the PDO. It also implies that the PDO phase change is an important factor for the IDV of PC1 mean value. 
Atmospheric Response to PDO Anomalies.
Since the PDO phase change is an important factor for the PC1 IDV, the corresponding spatial pattern of EOF1 is also closely related to the PDO. Changes in geopotential height and horizontal winds at low and high levels of the troposphere are shown in Figure 4 . ere are prominent positive geopotential anomalies at 200 hPa covering vast areas north of 30°N in East Asia. e center of positive anomalies surrounded by dense contours is located in Mongolia. Intensive anticyclonic anomalies appear over the same region, causing northeasterly anomalies in Northeast China. Cyclonic anomalies over South China are weak and statistically insignificant. Geopotential anomalies and wind anomalies at 500, 700, and 850 hPa resemble their counterparts at 200 hPa (Figures 4(c)-4(h)), implying a barotropic structure that dominates the changes in atmospheric circulation associated with the PDO phase change.
Differences between 1999-2011 and 1983-1988 in the column-integrated water vapor flux and its divergence, total precipitable water, precipitation, and PE in summer are presented in Figure 5 . e column-integrated water vapor flux shows an anticyclonic transport that increases the local moisture flux divergence and reduces the total precipitable water and precipitation. ese changes in the amount and distribution of atmospheric moisture lead to a significant decrease of PE in Northeast China and Mongolia. South of 35°N, precipitation, and PE exhibit opposite variations to their northward counterparts, with total precipitable water still decreasing, although all of these changes are statistically insignificant. e spatial distribution of the PE difference has a center near the north pole of the EOF1 dipole. e results suggest that the atmospheric response to the PDO phase change leads to the IDV of mean PE in East Asia. . Since PC2 shows distinct variability before and after the IDV phase change, regression analysis is used to search for the link between PC2 IDV and SST. e PC2regressed SST pattern shows positive anomalies over the equatorial eastern Pacific, which develop consistently from winter to summer during 1979-1999 ( Figures 6(b)-6(d) ). is variation pattern resembles the equatorial Pacific (EP) type ENSO event that has maximum SST over the equatorial eastern Pacific [69] [70] [71] . e SST anomalies in other parts of the global ocean tend to vary considerably from winter to summer, which can be seen as seasonal and intraseasonal disturbances.
Interdecadal Variability of Precipitation Efficiency Variability
SST Patterns and the Atmospheric Response during
e results indicate that the EOF2 is in its positive phase with the negative-positive-negative-positive quadrupole structure from south to north during the EPtype El Niño. e signs of the quadrupole reverse during the EP-type La Niña. e atmospheric response to the EP-type El Niño in the lower and upper troposphere is shown in (Figure 6(f ) ). In the lower troposphere, the negative geopotential anomalies are intensified over the Yellow Sea, with positive geopotential anomalies in surrounding areas (Figures 6(e)-6(g) ). e atmospheric circulation at different levels generally maintains the same anomalous pattern (Figures 6(f )-6(h) ), indicating that the atmospheric response is mainly barotropic. e geopotential height anomalies resemble the wave train of East Asia-Pacific (EAP) teleconnection [72, 73] , with positive centers over the South China Sea and the eastern part of the Russian Far East and a negative center over the Korean Peninsula. Geopotential anomalies are consistent with the horizontal wind variations that modulate the spatial distribution and transport pathways of atmospheric water vapor in East Asia. e effects of atmospheric circulation anomalies on PE can be determined by regressing PC2 onto related physical fields, including the column-integrated water vapor flux and its divergence, total precipitable water, precipitation, and PE (Figure 7) . e column-integrated moisture flux exhibits anticyclonic anomalies over the southeast coast of China and the South China Sea, which strengthen the local water vapor divergence and result in a decrease in the total precipitable water and precipitation. Because the decrease in precipitation is larger than the decrease in total precipitable water, PE is reduced accordingly around the southeast coast of China (Figure 7(e) ). e water vapor transport is enhanced around the Jianghuai River Basin as a result of the anticyclonic anomalies over the South China Sea. Both precipitation and total precipitable water increase significantly, but the increment of precipitation is obviously larger, leading to a significant increase in PE. e cyclonic circulation over the Korean Peninsula inhibits moisture transport to North China, which enhances the water vapor divergence and reduces the precipitation and total precipitable water over the area. e reduction in total precipitable water is obviously larger than that of precipitation, so PE becomes smaller. For the same reason, PE increases over Northeast China.
e above analysis indicates that the atmospheric response to EP-type ENSO results in the quadrupole pattern of PE variability.
SST Patterns and the Atmospheric Response during 2000-2016.
e PC2-regressed SST from the previous winter to summer during 2000-2016 is shown in Figure 8 . During autumn and winter, the SST variations over the equatorial Pacific are weak (Figures 8(a) and 8(b) ) and are statistically insignificant even at the 90% confidence level based on Student's t-test. Significant positive anomalies develop over the central equatorial Pacific in spring, accompanied by strong negative anomalies over the equatorial western Pacific. Nevertheless, these SST anomalies over the central and western parts of the equatorial Pacific are smaller in summer, and positive anomalies appear over the equatorial eastern Pacific. is implies that the PC2-related El Niño events during 2000-2016 are not of the EP type, which do not have an SST signature until summer. Since the PC2 IDV shows a downward trend, it also suggests that PE decreases when the SST exhibits a non-EP-type ENSO pattern. e PC2-regressed geopotential height shows only one significant negative anomaly centered over North China at 200 hPa, accompanied by a large-scale cyclonic (anticyclonic) circulation north (south) of 30°N (Figures 8(e) and 8(f )). e negative anomaly center moves southeastward at 500 hPa, with expanding positive anomalies over Kazakhstan and the Indo-China peninsula. e atmospheric circulation is dominated by a large-scale anticyclonic circulation centered over the Yellow Sea. At lower levels, the negative geopotential anomaly gradually weakens and the positive anomalies over the Tibetan Plateau and the Russian Far East continue to strengthen (Figures 8(g) and 8(h) ). e associated cyclonic circulation over the Yellow Sea also weakens and moves southward to the East China Sea. ere is no sign of the EAP wave train seen during 1979-1999 from lower to upper levels of the troposphere. e PC2-regressed column-integrated water vapor flux shows a prominent cyclonic circulation over the East China Sea, which increases the moisture divergence in North China and the water vapor transport to the Jianghuai River Basin (Figure 9 ). Consequently, the total precipitable water and precipitation decrease (increase) over most parts of North (South) China. e PE shows a similar spatial pattern, which is nevertheless statistically insignificant. e results suggest that the non-EP-type SST anomalies fail to excite the EAP teleconnection that is crucial for developing the quadrupole pattern of EOF2.
e above results show that the SST pattern associated with the PC2 variability resembles the EP-type ENSO is finding enlightens us to separate the eastern-type ENSO events from other ENSO events and investigate the impact of occurrence frequency of easterntype ENSO events. To quantitatively examine the variability of the occurrence rate of EP-type ENSO, we calculate the EP-type index I EPI from 1979 to 2016 ( Figure 10 ). EP-type El Niño events occurred in 1982/1983, 1986/1988, 1991/ 1992, 1997/1998, and 2015/2016 , and EP-type La Niña events in 1984/1986, 1988/1989, 1999/2000, 2007/2008, and 2010/2011 . ere were seven EP-type ENSO events during 1979-1999 compared with three during 2000-2016 (Table 1), reflecting the regime shift of EP-type ENSO in the 1990s [59] [60] [61] . e average occurrence rate of the EP-type events is once every ∼3 years during 1979-1999, and this reduces to about once every 5.7 years during 2000-2016.
is suggests that PC2 variability during 1979-1999 is positively associated with the occurrence frequency of EPtype ENSO. Figure 7 : PC2-regressed column-integrated water vapor flux (a) and its divergence (b), total precipitable water (c), precipitation (d), and precipitation efficiency (e) in boreal summer during 1979-1999. ick vectors in (a) denote the significant areas at the 95% level. Solid (dashed) contours denote positive (negative) anomalies, and red (blue) color shadings from light to dark for significant areas at 90%, 95%, and 99% levels. 
60°N
Conclusions and Discussion
is study investigated the climatology and IDV of PE in East Asia during summer over the period 1979-2016. e PE climatology shows distinct regional characteristics with an overall decrease in value from coastal to inland areas. e standard deviation of PE also shows marked regional differences, with large variability around the western Sichuan basin, southeast coast of China, Northeast China, and the eastern part of the Russian Far East and weak variability in the southern and western parts of the Mongolian Plateau. e results suggest that PE variability is affected mainly by precipitation variability. e EOF analysis of PE has revealed two major modes of IDV, where PC1 represents changes in mean value and PC2 corresponds to transitions of the variability. e PC1 IDV changed during 1998-1999, with a meridional negativepositive dipole pattern during 1983-1998 and the opposite dipole distribution during 1999-2011. e PC2 IDV changed during 1999-2000 with a prominent negativepositive-negative-positive quadrupole structure during 1979-1999 and a much weaker structure during 2000-2016.
Research results suggest that the IDV of mean PE is caused by the PDO phase change around 1998-1999. e PDO remains in a cool phase during 1983-1998 and then shifts to a warm phase during 1999-2011. When the PDO is in its cool phase, there are warm SST anomalies in the Northwest Pacific that facilitate the development of an anticyclone over the Mongolian Plateau and a cyclone south of 35°N. is anomalous atmospheric circulation leads to a decrease in moisture supply and reduces the precipitation in Northeast Asia. Under the dominant influence of rainfall variations, the local PE decreases accordingly. For the same reason, PE increases in Southeast Asia under the impact of an anomalous cyclone. After the PDO transitions to the warm phase, the opposite dipole pattern with northward Advances in Meteorology 13 positive-negative distributions dominates the variations of mean PE. e IDV of PE variability can be attributed to the frequency of occurrence of EP-type ENSO events. e average occurrence rate of EP-type ENSO is once every 3 years during 1979-1999, much higher than that during 2000-2016 (every ∼5.7 years). Before the regime shift of EP-type ENSO, the SST anomalies force a wave train pattern of geopotential height anomalies, which resemble the East Asia-Pacific (EAP) pattern [72] [73] [74] [75] . e associated wind anomalies modulate the moisture transport over the South China Sea, the Jianghuai River Basin, and North China [76, 77] . Under the joint action of precipitation and total precipitable water, PE variability exhibits a quadrupole pattern with northward negative-positive-negative-positive anomalies covering almost all of East Asia during the EP-type El Niño. e PE variability exhibits the opposite quadrupole pattern during the EP-type La Niña. As the occurrence rate of EP-type ENSO reduces by almost a half after the regime shift, the PE variability pattern becomes almost indiscernible.
It can be inferred from the close relationship between the PE IDV and the Pacific SST anomalies that the interdecadal changes of PE should also be closely related to the East Asian summer monsoon (EASM) activity. According to previous studies, decadal and interdecadal SST variability can affect the multi-timescale variabilities of the EASM and the WPSH [78, 79] . When the WPSH is strengthened and moves southwestward, the EASM is weakened, which changes the monsoonal precipitation by regulating southwesterly moisture transport [17, 80] . However, the correlations between the two leading PCs of PE and the EASM index [81] or the WPSH indices [76, 77] are not always significant in different interdecadal periods.
is may be ascribed to changes in the relationship between the EASM and the tropical Indian Ocean patterns in which the quasibiennial type ENSO serves as a remote forcing [82] . In the meantime, the coupling of the North Atlantic Oscillation and North Atlantic triple SSTanomaly has a large impact on South China summer rainfall through a Eurasian wave-like train [83] .
Note that the combined effects of PDO and ENSO also exert a significant impact on PE and precipitation variabilities in East Asia on interannual to interdecadal timescales [30, [84] [85] [86] [87] . For example, the PDO provides a background condition that modulates the ENSO-related SST anomalies over the western North Pacific and the Philippine Sea, which further influence the interannual variability of early summer rainfall in south China by altering the intensity of the subtropical high [88, 89] . When the ENSO and PDO are in phase, the early summer rainfall amount over South China tends to be higher or lower than normal [90] . During the El Niño/PDO warm phase, the precipitation and streamflow in the main river basins in China decrease, while the La Niña/PDO cold phase is related to the opposite condition with an overall increase in precipitation over most of China [91] . By investigating the seasonally resolved stalagmite δ 18 O record, Zhang et al. [92] found that the ENSO/ PDO phase changes are also associated with the precipitation seasonality in southeastern China through oceanatmosphere interactions. e PE is a crucial factor that determines the spatial distribution of precipitation and is important for weather and climate risk analysis and forecasting.
is study has revealed that the transitions of the mean value and variability of PE can mainly be ascribed to the PDO phase change and the occurrence frequency of EP-type ENSO events, respectively. However, their impact on the interannual variability and seasonality of PE in East Asia is still poorly understood. In addition, our results are somewhat limited by the statistical methods employed to explore this topic. Since the PDO and ENSO are not linearly independent, their influence on climate variability is usually entangled [93] . Chen and Tung [94] used a novel method of rotated EOF with pairwise rotation of the principal components to extract the modes of global-mean SST from interannual to multidecadal timescales. ey found that both PDO and ENSO contribute to the global mean surface temperature variations, in which the impact of ENSO is mainly limited to the interannual timescale, but the effect of the PDO is about a tenth of that of the Atlantic Multidecadal Oscillation. Applying their rotated EOF analysis to PE can also separate the spacetime information of ENSO and PDO in PE variability on different timescales. us, it can help with the investigation of the factors driving PE variations and determine the key physical processes in future research. It is also necessary to conduct an in-depth analysis of the PE IDV by focusing on the cloud-climate feedback processes in relation to PE variability, including the environmental dynamics and thermodynamics associated with precipitation in convective systems.
Data Availability
e data used to support the findings of this study are available from the corresponding author upon request. Disclosure e monthly atmospheric reanalysis data are provided by the European Centre for Medium-Range Weather Forecasts (ECMWF). Two versions of monthly mean precipitation data are used in this study: one from the Global Precipitation Climatology Project (GPCP) version 2 and the other from the Global Precipitation Climatology Center (GPCC) version 8. e monthly SST data are adopted from the Extended Reconstruction SSTs (ERSSTs) version 5 of the National Oceanic and Atmospheric Administration (NOAA).
